performing DJs from inappropriately large heights or when fatigued may predispose athletes to lower limb injuries associated with high impact loads and accelerations (7, 22) . In reaction to the foot contacting the ground during landing, a reactionary force causes a transient acceleration ("shock wave"), which travels up the musculo-skeletal system from the foot to the head (4, 13, 21, 22) . When these impact accelerations and loads are excessive relative to the strength of the tissue, they may cause a number of musculoskeletal overuse injuries, including stress fractures (18, 39) , osteoarthritis (26, 36, 38) , and articular cartilage and joint degeneration (6, 27, 36) . Given that the body attempts to attenuate such impact accelerations using various neuro-muscular and joint kinematic control strategies (8, 25) , there is a potential to increase the risk of injury if DJs are completed when the neuromuscular system is fatigued (15, 16, 22) . Indeed, increased impact acceleration measured on the tibia has been observed extensively in fatigued running with associated changes in knee kinematics during landing (5, 21) . Only one study to date appears to have examined the effect of endurance fatigue on the magnitude of impact acceler-ations when performing DJs (from 30 and 50 cm) (22) . The authors concluded that fatigue had a negative effect on impact accelerations although tibial impact acceleration were only greater from 30 cm, but not from 50 cm. They argued that the neuromuscular system was not capable of effectively controlling the increased impact accelerations from the higher drop height (50 cm), and therefore when inhibited as a result of fatigue, no further significant detriment in control was evident. Although their conclusion is tenable, it was based on results from only 2 drop heights. Clearly there is a need to examine the effect of endurance fatigue on impact accelerations from a greater number of drop heights. In addition, given that the only study to date has examined this effect in males, it would be beneficial to increase the generalization of the results by examining the effect in females. The main aim of the present study was to determine if impact acceleration, measured at the proximal tibia during DJs from increasing heights, was significantly affected by endurance fatigue. A secondary aim was to investigate if the action of the knee during the initial contact and landing phase was also affected by endurance fatigue. It was hypothesized that endurance fatigue would result in greater impact accelerations at low(er) drop heights, but not at high(er) drop heights.
METHODS

Experimental Approach to the Problem
To examine if endurance fatigue affected either the impact accelerations applied to the body or the knee kinematics used by the body, DJs were completed by all participants under nonfatigued and fatigued conditions during a single session. Three drop heights were selected. Although a number of methods have been proposed to identify an athlete's optimal drop height for training (2, 11, 40) , no studies have shown the effectiveness of one method over another for improving leg power. Therefore, the drop heights selected were based on previous DJ studies (1, 22) and training literature (7) . Running was used to induce endurance fatigue, rather than resistance training-based exercises, because it is perhaps the most common means by which athletes become fatigued in sport.
PARTICIPANTS
Fifteen female soccer players (age, 20.9 ± 1.1 years; mass, 63.4 ± 4.9 kg; height, 1.66 ± 0.10 m) were recruited. All participants had been playing competitive soccer for at least the last 3 years and currently trained a minimum of4 times per week during the competitive season. Throughout their season, participants undertook at least 2 gym-based resistance training session per week and testing was completed between 5 and 6 weeks into their competition season. The study inclusion criteria required participants to have at least 6 weeks of prior experience in the last 2 years in performing DJs as a means oftraining. Written informed consent was obtained in accordance with the university's ethical committee's guide-lines. Participants were excluded from the study if they had any history of lower extremity injury. Two weeks before the experimental trial, participants were demonstrated the DJ as to be used in the present study and practiced it from all 3 experimental drop heights until they could demonstrate proficiency, which was subjectively judged by 2 trainers who had taught DJ training for a minimum of 5 years. The DJ was deemed proficient provided there was: (a) no significant horizontal travel between takeoff and landing; (b) a short duration in the landing phase; and (c) a toe-first landing pattern. Participants wore their own, appropriate athletic footwear during the test. Participants were instructed to refrain from eating for 2 hours before testing and from strenuous physical activity for 48 hours before testing.
Procedures
The pre-experiment warmup consisted of running on a treadmill at 6 mph for 4 minutes followed by stretching exercises for the major muscles of the lower extremities (22) . Each participant performed blocks of 3 DJs from 15, 30, and 45 cm with approximately 10 seconds recovery between each DJ from a given height. The order of drop jump heights was counterbalanced. In addition, in the nonfatigued condition, a further 2 minutes' rest was given between each block of DJs. Each participant was instructed to jump vertically with maximum effort while trying to spend as little time on the floor as possible (23) . The flooring was a 1.9-cm polyurethane multipurpose covering laid over a cement surface. Data on impact acceleration, knee kinematics, and jump height were collected for each jump. The average of each block of 3 DJs was used in the subsequent analysis. An incremental running protocol on a treadmill was used to induce whole body endurance fatigue (22) . Participants began running at 6 mph with a 3% grade with a 1.5% incremental increase in gradient applied every minute thereafter. A rating of perceived exertion (RPE) was taken every 2 minutes and used to determine when physiological fatigue had occurred. RPE was used because it is less invasive than more direct measures (eg, blood lactate concentration, oxygen uptake), it has been shown to be a physiologically valid tool for prescribing exercise intensity (33) , and it has been used widely in this manner (14, 22 ). An RPE of 17 ("very hard") was chosen to indicate when an endurance-based fatigued state was reached. Participants then repeated the DJs in the fatigued condition in the same order as carried out in the nonfatigued condition. The time from the end of the fatiguing protocol to when the DJ protocol was initiated again was always <1 minute.
Data Collection
In reaction to the foot contacting the ground when drop jumping, an impact acceleration (or "shock wave") travels through the body, which, when excessive, may cause musculoskeletal injury (as detailed previously). Impact accelerations were measured at the proximal end of the tibia using a lightweight (17 g) uniaxial accelerometer (ADXL78; Analog Devices, Limerick, UK; sensitivity 38 mV/g, range ± 50 g) attached to the skin overlying the proximal anteriormedial aspect of the right tibia. The accelerometer was attached to the skin with double-sided tape and prewrap (Durapore; 3M, Bracknell, UK) and aligned along the longitudinal aspect of the tibia. An elastic belt wrapped around the shank pressed the accelerometer onto the skin as tightly as comfortably allowed (35) . It is recognized by the authors that accelerometers are sensitive to their orientation relative to gravity and in the present study were attached to the skin rather than directly on bone. Orientation sensitivity will introduce a nonconsistent error in measures of peak acceleration if either fatigue or drop height results in different tibia angles at landing. However, in a previous study on DJs from 30 cm, this error was shown to be very small (1.5%) (22) . This potential error was taken into consideration when examining the magnitude of any effects in the present study. Although mounting an accelerometer on the skin with double-sided tape may underestimate the magnitude of accelerations (12), the effect is considered to be relatively consistent across conditions (fatigued and nonfatigued) and, most importantly, does not require an invasive procedure. Skin-mounted accelerometers have been used previously to examine impact accelerations in running (5, 21, 35) and DJs (22) . To determine if changes in knee kinematics occurred after the fatiguing protocol, and if these changes may have explained any corresponding changes in the magnitude of impact acceleration, sagittal plane knee kinematics were examined. Knee angles were used to assess the angle of the knees at initial impact and takeoff and subsequently to determine the range of joint motion used. Knee angular velocity was used to assess the degree of knee control during the landing phase. Knee motion was measured using an electrogoniometer (XM110; Biometrics Ltd, Cwmfelinfach,UK) attached using doublesided tape and prewrap (Durapore) and aligned with the center of the knee on the lateral side of the left knee. The left knee was used in case the electrogoniometer made contact with the accelerometer and caused erroneous results. The electrogoniometer was zeroed before both the nonfatigued and the fatigued series of DJs as the subject stood upright with a straight leg. Knee angle data were smoothed using a fourth-order zero-lag Butterworth digital filter (37) with a cutoff frequency of 20 Hz to retain the subtleties in the velocity-time traces (22) . Angular velocities were calculated by simple differentiation (37) . The start and end of foot-to ground contact was registered using a foot switch apparatus (TF100; Biometrics Ltd) attached to the underside of the forefoot of each participant's right shoe. The foot switch data were used to identify initial ground contact as well as the flight time of the subsequent jump, the latter of which was used to determine jump height as an indicator of neuromuscular fatigue. Jump height was calculated from flight time (3). To reduce the potential for damage to the switch, it was removed before the fatiguing running protocol; its site of attachment was clearly marked to facilitate accurate reattachment for the second set of DJs. The foot switch was tested before and after each experiment by pinching the pressure sensor and was found to work effectively on all occasions. The accelerometer, electrogoniometer and the switch were sampled simultaneously at a rate of 1,000 Hz (DataLINK; Biometrics Ltd). To assess the reliability of the results, 8 participants repeated the test protocol on a second day using only the drop height of 30 cm. A break of at least 4 days was given between test sessions.
Statistical Analyses
The average of each block of 3 trials was used in the analysis, a 2 (condition: nonfatigued and fatigued) by 3 (drop height: 15, 30, and 45m) within-subjects analysis of variance. Tibial peak impact acceleration, angle of knee flexion at ground contact, peak knee flexion during the landing phase, range of knee flexion between these 2 points, peak knee flexion angular velocity during the landing phase, and jump height were the dependent variables assessed. Where a significant main effect of drop height was found, a repeatedmeasures analysis of variance was performed followed by post hoc multiple paired t-tests with appropriate Bonferroni adjustment. Where a statistically significant interaction was found, planned comparisons using paired t-tests with appropriate Bonferroni adjustment were completed. The interday reliability of all dependent variables was assessed using intraclass correlation analysis (ICC). The level of statistical significance in all tests was set at = 0.05. SPSS for Windows version 10 (SPSS Inc, Chicago, IL) was used RESULTS Subjects ran on average for 8.6_+2.7 minutes, attaining a final gradient of 15.9_+3.8% during the fatiguing protocol.The interday reliability (ICC) of measures ranged from 0.82 to 0.98 (Table 1) .Tibial peak impact acceleration, angle of knee flexion at ground contact, peak knee flexion during the landing phase, range of knee flexion between these 2 points, peak knee flexion angular velocity during the landing phase, and jump height were the dependent variables assessed.
Tibial Peak Impact Acceleration
Condition (F = 36.8, = 0.000),drop height (F = 103.34, =0.000), and their interaction (F = 8.3, = 0.001) had a significant effect on tibial peak impact acceleration (Figure 1 ). Post hoc analyses revealed that endurance fatigue had a significant effect at 15 cm(t = -8.08, = 0.000) and 30 cm (t = -3.79, = -.002),but not at 45 cm (t = -1.21, = 0.25), with increases in peak accelerations of 32, 17, and 2%, respectively. With each increase in drop height, peak impact acceleration also significantly increased in both fatigued (F = 65.5, = 0.000) and nonfatigued (F = 135. (Figure 4) .The same trend in results was evident for knee peak angular velocity during the eccentric phase as for tibial peak impact acceleration. Condition (F =190.5, = 0.000), drop height(F = 54.5, = 0.000), and their interaction (F = 27.1, = 0.000) were all significant ( Figure 5 ). Post hoc analysis revealed that fatigue had a significant effect at 15 cm (t = 13.5, = 0.000) and 30 cm (t = 14.3, = 0.000), but not at 45 cm (t = 1.6, = 0.13) with increases of 21, 20, and 2%, respectively. Increased drop height also had a significant affect when both fatigued (F = 62.9, = 0.000) and nonfatigued (F = 42.2, =0.000) with increases in angular velocity evident at each increase in drop height (fatigued:15 vs. 
Jump Height
Both condition (F =187.8, = 0.000) and drop height (F =24.9, = 0.000) had a significant effect on jump height ( Figure 6 ). Post hoc analyses revealed that jump height was greater from both 45 and 3 0cm than from 15 cm. Endurance fatigue caused a similar reduction in jump height at all 3 drop heights (approximately 8%).
DISCUSSION
Based on the decrease in jump height after the fatiguing running protocol (Figure 6 ), endurance-based neuromuscular fatigue appears to have been induced, indicating the appropriate use of the running protocol and the PRE scale. Although not assessed directly in the present study, it is likely that both central (neural) and peripheral (contractile component) activation pathways were affected (24). Although it is generally recommended that DJs are performed when the neuromuscular system is not fatigued (31), thereby maximizing neural activation, the principle of specificity clearly indicates that for athletes who need to produce high-power output when fatigued, there is a need to develop lower limb power under such fatigued conditions (7) . DJ training is commonly used to increase lower limb power. However, this gives rise to the question of whether completing DJs when fatigued will result in an increase in impact accelerations, which are associated with an increase in the risk of injury (6, 16, 26) . The present study found a significant interaction between endurance fatigue and drop height for impact accelerations measured at the proximal tibia during drop jumping. Tibial accelerations were significantly larger from drop heights of 15 cm (32%) and 30 cm (17%) when participants were fatigued in comparison to nonfatigued, but no significant difference was evident from the higher drop height of 45 cm (2%) (Figure 1 ). In addition, the increase in peak acceleration associated with endurance fatigue was significantly larger from 15 than 30 cm. This trend in results showing a negative effect of fatigue, especially at lower drop heights, is in agreement with the hypothesis of the present study and the findings of Moran and Marshall (22) .The findings are interpreted as indicating that at greater heights, the neuromuscular system's capacity to control the greater impact acceleration per se is notably reduced irrespective of whether it is fatigued or nonfatigued. Support for this assertion is taken from 2 sources. First, in the present study, a similar pattern of results was found for the effect of drop height and endurance fatigue on knee flexion peak angular velocities during the landing phase as that for impact accelerations (Figures 1 and 5) . Because the neuromuscular system acts to decrease knee angular velocities during the landing phase, the knee angular velocity data illustrate that the neuromuscular system had a reduced capacity during the loading phase in DJs from 45 cm, whether fatigued or nonfatigued, but was able to positively affect jumps from 15 and 30 cm. Second, in comparing findings from the present study with 2 previous studies on running (20, 35) . Although the present study did not attempt to identify the individual neuromuscular mechanisms responsible for attenuating impact accelerations, it is worth noting that endurance fatigue causes a decrease in proprioception (10, 19) and contractile and reflex capacities (9) in stretch shortening activities such as drop jumping, which are important mechanisms in controlling the eccentric loading phase (9) . Previous studies on the affect of endurance fatigue in running have suggested that changes in tibial peak impact accelerations may be the result of changes in the angle of knee flexion at key times during the landing phase (5, 21) . The present study examined the effect of fatigue on the angle of knee flexion at initial ground contact, the end of the eccentric phase, and the range of motion between them. Fatigue was found to have no effect on these kinematic measures. Similar results have been reported previously (17) , although these authors did note an increase in the angle of knee abduction and internal rotation. The contrast in results between DJs and running may be the result of the task requirement in DJs to remain in contact with the ground for as short a duration as possible or to the explosive action being less practiced than running, and the coordination pattern therefore being less susceptible to relative change, even when the neuromuscular system's capacity is compromised when fatigued (28) . Therefore, the findings from the present study indicate that changes in peak impact accelerations induced by endurance fatigue cannot be explained by changes in the knee angles at key points during the landing phase. Although not assessed in the present study, it is possible that changes in hip or ankle kinematics may have occurred. However, in examining the effect of endurance fatigue on drop jumps from 50 cm, McClean et al found no changes in ankle and hip (dorsi-) flexion, abduction, or internal rotation.
Limitations to the Present Study
This study is based on the premise that a significant increase in impact accelerations will increase the risk of injury, yet there is a dearth of information available on what constitutes an "excessive" impact acceleration or load. In referring mainly to animal model studies that directly found joint cartilage and bone degeneration after high impact loading (6, 27, 36) and also to epidemiologic studies on subjects exposed to high loadings during their chosen activity (18) , the general litera-ture simply refers to "excessive" impact accelerations and/or loads predisposing to injury (13, 16, 18, 21, 26) . Although a plyometric DJ training session may contain only between 30 and 100 ground impacts, tissue damage appears to be more dependent on the magnitude of loading rather than the number of impacts (36) .
PRACTICAL APPLICATIONS
Given that the principle of "training specificity" indicates that to maximize power output during fatiguing conditions (eg, end of a basketball match), it may be beneficial to train power when fatigued, cognizance should be taken of any potential increase in the likelihood of injury associated with completing such exercises when fatigued. Although data do not currently exist on what constitutes an "excessive" magnitude of impact acceleration during DJ training, in terms of predisposing an individual to a greater risk of injury (eg, stress fractures, articular cartilage and joint degeneration, and osteoarthritis) (6, 16, 26) , the present study indicates that caution should be taken in deciding to undertake plyometric DJs (15, 30, and 45 cm) when fatigued because of an associated significant increase in impact accelerations. However, in interpreting the findings of the present study, it is important to note that smaller impact accelerations were evident when performing DJs from 15 cm when fatigued than from 30 and 45 cm when nonfatigued. Similarly, smaller impact accelerations were evident when performing DJs from 30 cm when fatigued than from 45 cm when nonfatigued ( Figure 1 ). This implies that it may still be safer, or at least as safe, to DJ from an appropriately low(er) drop height when fatigued than from a high(er) drop height when nonfatigued.
